In EU FP7 project SONIC, partners set out in October 2012 to study the underwater radiated noise of ships and shipping. The objectives of the project were (1) to study the numerical and experimental techniques to determine the underwater noise; (2) to develop methods for mapping the noise of ships and shipping; and (3) to determine mitigation measures to reduce the underwater radiated noise. Numerical methods focused on determination of the cavitation extent and dynamics on propellers which is the main source of noise of commercial shipping. Research also focused on methods to determine the underwater radiated noise from machinery. Experimental methods in model test facilities have been studied and validated against dedicated full scale measurements. The ship noise source levels obtained from these numerical and experimental methods provide input to shipping noise mapping tools to determine the overall underwater noise in a certain sea area. Based on the experience gained in the SONIC project, a set of guidelines for regulators concerned with underwater radiated noise of ships were developed together with the AQUO project. These guidelines discuss the definitions, numerical and experimental methods and mitigation solutions for underwater radiated noise. This paper gives an overview of the work done by all partners in the SONIC project.
Introduction
From studies in marine biology it is know that many marine animals rely on sound as means to observe the underwater world, to communicate and to hunt. Cavitation of ship propellers, which has been identified as a main source of the noise radiated by ships, can possibly impair their ability to do so. To be able to monitor and, if necessary, mitigate the contribution of shipping traffic to the low frequency ambient noise. A need has arisen for an improved understanding of the correlation between propeller cavitation and shipping noise in the seas.
The EU has set out on protecting the marine environment within its member states by adopting a Good Environmental Status. This has been further defined in the Marine Strategy Framework Directive, which provides a set of qualitative descriptors for determining good environmental status. One of these descriptors is the underwater noise, which is caused by, among others, maritime transport. It is stated that man made underwater noise should be at levels that do not adversely affect the marine environment.
The first major challenge in predicting underwater radiated cavitation noise is to assess the URN in a design phase of ships. To this end, the validity of tools and facilities to cover the whole range of frequencies is needed. During ship design, both numerical tools and experimental facilities will have to be available for cost-effective valuation of the design with regard to underwater radiated noise. Existing numerical tools tend to be good at prediction low-frequency noise, but are lacking accuracy for the higher frequencies. Experimental facilities are more accurate for the higher frequencies as the lower frequencies are typically influenced by wall reflections in the basin which need to be corrected for.
The second challenge to the maritime industry is to be able to assess the underwater radiated noise in an effective manner during sea trials. Ship radiated noise levels cannot yet be regulated, because there is no practical standardised measurement procedure available. Ship noise can be measured on a sound range, but these ranges are fixed in location and often not close to the ship yard or the trial location.
The third major challenge is to be able to mitigate noise emissions, without affecting the fuel efficiency of the propulsion systems. New propellers or noise mitigation devices should not harm the environment by raising CO 2 , NO x or SO x emissions of ships. In addition to technical mitigation measures, the radiated noise can also possibly be controlled through the operational use of the ship, by selection of sailing conditions that are optimised for low noise radiation.
Based on the above rationale and challenges, the SONIC consortium set out in 2012 to achieve the following main objectives:
To improve the understanding of the relation between cavitation and underwater radiated of the ship. To validate numerical tools and experimental techniques for the prediction of cavitation and noise for determination of the vessel noise footprint in the design stage. To develop a methodology to determine the shipping noise map based on AIS data in a restricted area. To develop mitigation measures for control underwater radiated noise. To develop guidelines for regulation of underwater noise.
The SONIC project was executed in co-operation with the AQUO project, by sharing data, organizing combined workshops and dissemination activities, and by joining forces on developing the guidelines for industry and regulations.
This paper gives an overview of the results of the SONIC project.
Cavitation noise
The underwater radiated cavitation noise can be determined by numerical simulations, model testing and full scale trials. These tools can be used in various stages of ship design where numerical simulations are used for a first indication of the noise level followed by model testing. Full scale trials provide the actual noise levels which can also be used to validate the predictions. Ideally numerical simulations and model testing are done simultaneously as they can strengthen the overall prediction when used together.
Numerical simulations
The computational procedure typically consists of the prediction of the ship wake field in which the propeller operates, the prediction of the propeller cavitation dynamics, and the prediction of the resulting radiated noise. In general, the tools can be divided in two categories depending on how the cavitating propeller is analysed: One category uses a potential flow code while the other category uses a viscous flow code, the latter combining the computation of the flow over hull and propeller.
CETENA and HSVA have developed a procedure in which a potential flow code is used for the analysis of the propeller in combination with an acoustic boundary element method to compute the noise in the far field. CETENA computed the noise in the far field with the influence of hull and free surface including the low frequency broadband noise from the cavitating tip vortex. HSVA analysed the influence of reverberation in the large cavitation tunnel HYKAT at low frequencies. The computed transfer function shows good agreement with experimental data. MARIN has developed a procedure in which a potential flow code is used for the analysis of the propeller in combination with two semi empirical methods to predict the radiated noise over a wide frequency range. One method considers bubbles generated by sheet cavitation while the other method considers the cavitating tip vortex. Both methods show acceptable agreement with experimental data but require more validation material to show their predictive capability.
CHALMERS has developed a communication protocol to couple their large eddy simulations (LES) to the noise prediction tool of INSEAN based on the Ffowcs-Williams Hawkings (FWH) equation. Such a protocol has also been developed by NAVANTIA but then based on a Reynolds-Averaged Navier-Stokes (RANS) solver and an acoustic boundary element method developed by MARIN. INSEAN has further analysed the noise prediction with the FWH-equation for non-cavitating propellers showing new aspects on the contribution of the non-linear part of the equation while the influence of the domain boundaries is shown as well. ROLLS-ROYCE has performed a first analysis of the radiated noise of a cavitating propeller in open water with inclined shaft using RANS and FWH.
With the above given numerical tools, an early prediction of the underwater radiated noise of ships can be given in a relatively early design stage. The more complex models can be used in later design stages to gradually increase the reliability of the result. By connecting these models to sound mapping tools discussed in chapter 3, the impact of ship designs on the total underwater noise level can be evaluated. If based on this noise mitigation actions are required, these can be taken in an early design stage.
Model testing
SONIC partners MARIN, HSVA, CNR-INSEAN and Rolls-Royce all have model testing facilities in which they can determine the underwater radiated noise due to cavitation. An overview of the model test facilities is given in Table 1 . MARIN has investigated the influence of sound reflections from the basin walls and free surface of the Depressurised Wave Basin (DWB) using different methods to improve the cavitation noise predictions. For this investigation, acoustic sources were placed at different positions in the basin at the typical propeller submergence depth. All results show that for a stationary source the influence of reflections from the basin walls can typically be neglected for longitudinal distances less than 2 m from the source. The influence of the free surface reflection can easily be corrected by using the analytical solution model for a point source below a flat free surface.
HSVA has performed comprehensive model tests with a standard container vessel (VIRTUE CV) to investigate and improve the prediction capabilities in the low frequency range down to the blade rate and harmonics. As well as this, valuable validation data has been generated for the development and improvement of computational tools and procedures, enabling validation of these tools at intermediate steps.
CNR-INSEAN provided cavitation observations and acoustic measurements for a reference test case (STREAMLINE tanker). A background noise removal technique has been developed, implemented, and applied to remove extraneous noise source contributions from the "true" hydro acoustic perturbation radiated by the propellerhull system. Furthermore a technique has been applied to identify and to separate the acoustic and the hydrodynamic contributions from near field pressure fluctuation measurements.
RRAB presented the noise spectra measured in the cavitation tunnel at Kristinehamn for a loudspeaker, and a cavitating and non-cavitating propeller. The loudspeaker tests were performed in order to characterise the acoustic behaviour of the water tunnel. The measurements were then repeated for the cavitating propeller. A comparison of measured and predicted transfer function revealed significant deviations. The indicated absence of modal resonances suggests that the acoustic field at the hydrophone positions may be dominated by the direct field.
With the increased insight into facility accuracy and the improvements of the accuracy achieved in SONIC, estimations of the underwater radiated noise of ships is improved. Special attention has been given in SONIC to reflection of the noise against basin walls and the free water surface (where applicable) resulted in basin specific corrections. Due to these reflections, the accuracy at lower frequencies is less. The accuracy of the numerical models discussed in section 2.1 however are better for the lower frequencies. By using a smart combination of tools, the accuracy of the overall underwater radiated noise prediction is increased.
Full scale trials
Measurements of radiated noise from ships at full scale were carried out to support several other areas of the SONIC project. These are:
To determine the source level of a test vessel, to validate numerical tools and experimental procedures; To measure the footprint of a test vessel to validate numerical modelling tools; and To provide radiated noise data for a variety of ships under normal operating conditions to support the development of a source level model that can be used to predict the radiated noise from ships based on their operational and design parameters broadcasted through the Automatic Identification System (AIS) for ships.
Three separate underwater radiated noise measurement trials have been undertaken during the SONIC project in order to provide this data. The first was carried out in September 2013 off the coast of Newcastle. Using the RV Princess Royal (see Figure 1) as a target vessel plus a support vessel, measurements of radiated underwater noise were made on two surface suspended, multiple hydrophone vertical arrays. The results of this trial provided data on the radiated noise from a test vessel that has been used to validate experimental and numerical tools being developed for the SONIC project; these will in turn be used to predict the likely levels of radiated noise for full scale vessels based on measurements at model scale. The second trial involved the same target vessel but used bottom mounted autonomous recorders to measure the underwater noise footprint of the vessel. These measurements were carried out in September 2014 off the coast of Newcastle. The results of these measurements have been used to validate the Noise Footprint and Mapping Tool (NFMT) being developed for the SONIC project.
Measurements of radiated noise from a variety of ships in a shipping lane near the entrance of the Port of Rotterdam were also conducted in September 2014 by the deployment of another bottom mounted autonomous recorder system. The results from these measurements are being included in a database of radiated noise from ships; this data will help to develop the numerical models required for predicting radiated noise from ships and the generation of noise maps.
The first two trials also provided an opportunity to measure on-board noise and vibration, as well as real time observations of cavitation, at the same time as off-board radiated noise. This data is being used to investigate onboard techniques of assessing radiated noise due to cavitation.
Sound mapping
Sound mapping tools can provide a representation of shipping sound that is meaningful to policy makers without requiring a background in acoustics. At this stage, we would like to make the distinction between two concepts:
Vessel noise footprint a characteristic of the radiated sound of a single ship a property of the ship alone (no biology, standardised reference environment).
Sound map a characteristic of the received sound multiple ships species and environment dependent The Noise Footprint and Mapping Tool (NMFT) that has been developed by TNO in SONIC is capable of generating both representations in a very short time, due to a very fast model for computing acoustic propagation. The model was compared with other reference models in a workshop organised jointly with the EU-FP7 project AQUO and was found to match reference models accurately. An example result of the workshop is shown in Figure  2 in which the reference model (RAM) and the fast model (SOPRANO) used in the SONIC tool provide virtually identical sound maps.
Sound Pressure Level [dB re Pa ] Fig. 2 . Sound map for a multiple ship synthetic scenario computed with a reference model (RAM, left) and the SONIC mapping tool (right) from Colin et al. (2015) . For generating shipping noise maps, the NFMT includes a model developed by SOTON that estimates the source levels of individual vessels on the basis of the parameters broadcasted via AIS. It has been concluded that the current AIS messages do not include all parameters that are relevant for a reliable source level estimation. Important parameters like the design speed of the vessel, the actual vessel draught and the CPP pitch setting are lacking, which limits the reliability of this model.
The NFMT has been applied in SONIC to calculate various shipping sound maps. Figure 2 shows the annual average sound pressure levels due to shipping in the Dutch and German parts of the North Sea, for which high resolution AIS data were available. Such maps may be used to support interpretation of EU Marine Strategy Framework Directive (MSFD) indicator for low frequency sound 11.2.1, to assess the effectiveness of mitigation measures to reduce ship noise, and to differentiate between sound levels that different animal species are exposed to. Because there is a lack of information on the effects of shipping sound on marine life, it is not yet possible to define acceptable targets for shipping noise levels that would be required to achieve the Good Environmental Status (GES) required by the MFSD. (integrated over 32Hz -20 kHz decidecade bands) due to shipping in the Dutch and German exclusive economic zones (EEZ), using yearly averaged AIS data with a 5 5 km resolution.
Noise mitigation
One of the main objectives of being able to determine the noise radiated by ships is to find ways of mitigating the noise pollution. In the SONIC project both ship design and operational measures to mitigate the noise have been studied which are both described in this chapter.
Design measures
Design measures affect the sound generated by the ship while in operation by technical mitigation measures. The SONIC project has studied the following design measures to reduce both cavitation and machinery noise: Machinery noise Lowering engine speeds; Design of resilient mounting systems; Design of acoustically optimised machinery foundation and hull structures.
Wake equalizing devices and vortex generators can have a stabilizing effect on propeller cavitation noise. Air injection techniques show a large effect on the radiated noise level, even at low flow rates, in studies in the cavitation tunnel. Using a variable instead of a constant RPM control schedule can be a very efficient measure to mitigate the underwater radiated noise of controllable pitch propellers that operate at reduced power. Furthermore this also can give significant advantages in reducing the fuel consumption.
Engine measures to reduce the underwater radiated noise differ per ship as the engine vibrations and noise are sensitive to specific design. Specific measures have been studied in SONIC D3.4 by Pestelli (2016) . For the cases studied it was shown that a reduction of the engine speed reduces the combustion noise. It was furthermore shown that for this case the more rigid mount and a more rigid and wider spaced foundation have a positive effect on lowering the radiated noise. These mitigation measures are limited by the required propeller rotation rate, the seaway regulations for the mounts and the strength requirement for the foundation.
Operational measures
Operational measures affect the sound generated by a ship and shipping by changes in the operation. The SONIC project has studied the following operational measures:
Include noise into the process of marine spatial planning, this means for example changing the location of shipping routes to reduce the noise levels at locations relevant for wild-life. Introduce a "noise-label" for vessels in a certain area, to limit the "amount" of noise that is produced by a vessel through regulation. Introduce a speed limit for vessels. The speed of the vessels is an important factor in the amount of noise produced by a vessel. Limiting the speed of vessels, whether or not in a certain area of time of year, could reduce the impact of the noise in a certain area.
The proposed measures have been analysed on their effect and effectiveness. Using a generic traffic flow based on real AIS data, the noise source level model developed by SOTON and a sound propagation model, the effect of the different measures has been analysed.
The overall conclusion based on the analysis of this traffic flow is that the effect of a radiated noise or speed limit that would affect only 20% of the traffic flow is not very large. More radical limits would be required to sort an effect such as reducing the speed of all vessels to a certain percentage of their maximum speed. These however may be more difficult to maintain and the effect has not been studied in SONIC. Shifting a traffic lane away from a marine sensitive area, however, can decrease the sound pressure levels in that area enough to make a difference. So on a more local level, changing routes could be an effective measure. Therefore it is recommended to take into account the local sensitivity of the area to sound, the actual traffic composition and the other local environmental conditions in the marine spatial planning of an area.
Guidelines for underwater noise
One of the final results of the SONIC project is a combined guidelines document drafted together with the AQUO consortium. These guidelines are addressed at both policy makers and industry and cover the assessment of underwater shipping noise and vessel noise footprints as well as the mitigation measures that can reduce the underwater noise.
The guidelines contain the vision of the SONIC and the AQUO consortium and provide terminology used by both consortia. The guidelines describe ways to determine underwater radiated noise numerically and experimentally at model scale and at full scale. Subsequently the guidelines describe the sound propagation and mapping methods for single ships and shipping traffic. The AQUO project has added information on the impact on marine fauna.
These guidelines provide policy makers with an overview of the current knowledge and technology, as well as of the knowledge gaps in the evaluation of underwater noise, which enables them to direct the research so that these gaps are filled. With further knowledge advancement the tools developed in SONIC will enable policy makers to determine if regulation of underwater noise is required and if so, what is the most effective regulation. For the industry useful tips with respect to mitigation are given. As discussed above, the mitigation measures are both technical and operational. Most measures can be applied to new as well as to existing ships. Mitigation measures with respect to routing can possibly be applied by policy makers and regulators.
Conclusions
Based on the work done in the SONIC project which is summarised in the above, the following conclusions can be drawn:
The SONIC FP 7 project has made advances in the testing, simulation, mapping and mitigation of underwater radiated noise of ships and shipping. Mitigation measures studied by the SONIC consortium comprise design measures such as the reduction of cavitation and machinery noise as well as operational measures such as speed reduction and re-routing. Air injection techniques show a positive effect on the propeller radiated noise levels, furthermore using a variable RPM control schedule is very efficient to mitigate the URN of CPP when operating at reduced power. To reduce the underwater radiated noise of the machinery, a simulation method has been developed, as structureborne noise mitigation measures strongly differ per ship. Design of the mounts and foundation and hull structure affect the underwater radiated noise of machinery. For the specific operational measures studied in part of the North Sea region, it was found that re-routing of ships as an operational measure can significantly reduce the sound levels underwater in specific marine areas. The study suggests that rather radical speed and radiated noise limits for vessel traffic (affecting a large fraction of the traffic) are required to obtain a significant reduction of the underwater noise along shipping lanes. The SONIC consortium, together with the AQUO consortium, has drafted guidelines for the determination and mitigation of underwater radiated noise of ships. These guidelines also indicate knowledge gaps to be filled up in the coming years to improve the determination and mitigation of underwater radiated noise from shipping.
